The slot blot method of DNA hybridization was used to study 38 strains of Leptospira bijiexa belonging to 38 serovars. Fifteen of these serovars were placed into six groups. The remaining 23 serovars were generally too diverse to show significant DNA relatedness either to these groups or to one another. Serovar thracia was related to Group 5, but it was not included in this group because its percent relatedness was too low. We found that genetically related organisms were antigenically dissimilar. The absence of any significant genetic relationship between Leptonema iZZini and the Leptospira bijfexa serovars tested supports the placement of the former species in a separate genus.
The genus Leptospira, as described in Bergey's Manual of Systematic Bacteriology, consists of three species (10). Leptospira interrogans contains more than 170 serovars (13) that are potentially pathogenic for humans or animals or both. Leptospira bifexa (type strain serovar, serovar patoc) comprises about 65 serovars (13). These strains are found in water and moist soil and are considered to be saprophytes. Leptospira parva is a Leptospira-like organism which was isolated from tap water and was found to be nonpathogenic for hamsters. This organism is sufficiently different in morphological and other characteristics to warrant being considered a separate species (6). Leptospira illini is a fourth species which was initially grouped with the Leptospira biflexa organisms but has been reclassified in a new genus, Leptonema, within the family Leptospiraceae (7). Leptonema iZZini is both morphologically and phylogenetically different from members of the genus Leptospira (5). Recently, Yasuda et al. (20) reclassified members of the genus Leptospira and described the following seven new species on the basis of DNA relatedness: Leptospira noguchii, Leptospira weilii, Leptospira santarosai, Leptospira borgpetersenii, Leptospira meyeri, Leptospira wolbachii, and Leptospira inadai. All of these species were formally and correctly proposed and have standing in bacterial nomenclature (9, 19, 20) .
Leptospira bifexa has been divided into 38 serogroups on the basis of antigenic and biological characteristics (13). In a DNA hybridization study Hapaala et al. (4) placed serovars andamana, patoc, and saopaulo in one group, serovar codice in a second group, and serovar ranarum in a third group. A more recent study, which included five nonpathogenic Leptospira serovars (20), largely confirmed this grouping and added serovar semaranga to the serovar ranarum group.
Over the years, many new serovars of Leptospira biyexa have been added (13), and these have come from various parts of the world. In this paper we describe the use of a slot blot DNA-DNA hybridization technique to study DNA relatedness among 38 serovars of Leptospira bifexa.
MATERIALS AND METHODS
Leptospira serovars and culture conditions. The Leptospira bifexa serovars used in this study are listed in Table 1 . Each serovar was represented by its reference strain. The strains were cultured in Ellinghausen-McCullough-Johnson-Harris * Corresponding author. medium (11) (Difco Laboratories, Detroit, Mich.) for 5 to 7 days at 30°C. The two pathogenic serovars, serovar ballum (strain Mus127) and serovar pomona (strain Pomona), were obtained from the culture collection of the Department of Veterinary Pathology and Public Health, Massey University, Palmerston North, New Zealand.
Preparation of DNA. Leptospira DNA was prepared from 1-liter cultures in Ellinghausen-McCullough-Johnson-Harris medium by using the method of Marshall et al. (16) . The DNA was purified by cesium chloride density gradient centrifugation (15).
Slot blot hybridization. Slot blot hybridization was performed by using the method of Kafatos et al. (12) , with some modifications. Each aqueous DNA solution (0.5 pg in 10 p1) was denatured with 100 pl of a 0.4 M sodium hydroxide solution for 10 min at room temperature, neutralized with 100 p1 of a 2.0 M ammonium acetate solution, and transferred to a nitrocellulose membrane (type BAS; Schleicher & Schuell, Inc., Dassel, Federal Republic of Germany) in a slot blot apparatus (Bio-Rad Laboratories, Richmond, Calif.) under a vacuum. After 45 min, the samples were washed twice with 2x SSC (Ix SSC is 0.15 M sodium chloride plus 0.015 M trisodium citrate). The nitrocellulose membrane was placed in a vacuum oven at 80°C for 2 h. Then the membrane was placed in a heat-sealed plastic bag with 10 ml of hybridization buffer (8) and prehybridized at 60°C in a water bath for 2 h. Radioactive probes were prepared from sonicated genomic DNA (3 pg) by using the random primer method (18), heat denatured, cooled in ice, and added (1 x lo6 to 1.5 x lo6 cpm) to the prehybridized membrane in hybridization buffer, and the preparation was incubated for 18 to 24 h at 60°C. The membrane was washed twice in 2X SSC for 15 min each time, once in 0 . 1~ SSC for 15 min at room temperature, and once in 0.1 x SSC for 15 min at 50°C. The membrane was dried at room temperature, wrapped in plastic cling wrap, and exposed overnight to X-ray film (Curix RP2; Agfa-Gevaert) at -70°C by using an intensifying screen (Cronex Lightning-Plus; E. I. the associated radioactivity with a liquid scintillation counter (17). The percentage of relatedness was calculated by dividing the counts per minute with heterologous DNA by the counts per minute with homologous DNA and multiplying by 100.
RESULTS
Samples of DNA from 38 Leptospira bzflexa serovars, one serovar of Leptospira interrogans, one serovar of Leptospira borgpetersenii, and one strain of E . coli were hybridized with 32P-labeled DNAs from 12 different serovars of Leptospira bijlexa. Figure 1 shows an autoradiogram of a slot blot membrane bearing duplicate samples of genomic DNA from several Leptospira bijlexa serovars probed with genomic DNA from Leptospira bijlexa serovar patoc. The 1 percentages of DNA relatedness for all of the combinations tested are shown in Table 2 .
The phylogeny inference package (PHYLIP) produced by J. Felsenstein, University of Washington, Seattle, contains a distance matrix program (KITSCH) based on the FitchMargoliash least-squares method for the determination of phylogenetic relationships from data in the form of painvise distances between taxa (2). This program was used to determine the phylogenetic relationships among 12 leptospire serovars for which reciprocal DNA hybridization data were available (Table 2) , and the results are shown in Fig. 2 . This program assumes that an evolutionary clock is valid. Consequently, all branch lengths from root to tip are the same. The average phylogenetic distances between serovars are indicated by the branch lengths between tips. Serovars which are genetically indistinguishable are listed at the end of the same branch. The average minimum level of DNA relatedness for inclusion in a group was 65%. The serovar groups shown in Fig. 2 are designated groups 1 to 6 in Table  3 . Table 3 also shows the apparent affiliations of three serovars for which reciprocal data were not available. Figure  2 shows that members of the same relatedness group may be genetically indistinguishable, but all intergroup phylogenetic distances are very large. Only 15 of 38 serovars could be grouped. Twenty-two of the remaining 23 serovars had no significant relationship with any of the reference strains. The overall lack of DNA relatedness among Leptospira bijlexa serovars indicates the diversity of strains currently included in this species. There was no correlation between antigenic composition and genetic relationship since none of the DNA relatedness groups contained organisms belonging to the same serogroup ( Table 3) .
Neither of the pathogenic serovars tested (serovars ballum and pomona) showed significant DNA relatedness with six Leptospira bij7exa reference DNAs which were repre-On: Fri, 28 Dec 2018 08:09:09 VOL. 40, 1990 DNA RELATEDNESS AMONG L . BIFLEXA STRAINS 233 sentative of five of the six relatedness groups that we identified ( Table 3) .
DNA from a strain of Leptonema illini was hybridized with reference DNAs from 13 Leptospira bifexa serovars representing all six DNA relatedness groups which we identified, but no significant relatedness was observed (Table  3) .
DISCUSSION
A few of the reciprocal values which we obtained in this study showed a lack of agreement; similar anomalies have been reported by other workers who have studied leptospires (1, 17) and also by Gebers et al. while they were studying Hyphomicrobium species ( 3 ) and Love et al. while they were studying Bacteroides tectum (14). These nonreciprocal hybridization results may be due to the different sizes of the genomes of the organisms compared or due to duplication or deletion in conserved regions of these genomes. Further investigations are underway to try to determine the reason for the nonreciprocal results.
In an early study of genetic divergence within the genus Leptospira (4), serovars patoc, saopaulo, and andamana were shown to belong to one group on the basis of their DNA composition and specific duplex formation. Brendle et al. (1) studied DNA relatedness among a limited number of Leptospira serovars and concluded that serovars patoc and codice, turtle strain A-183, and Leptonema illini are not related to one another. Recently, Yasuda et al. (20) used hydroxyapatite DNA hybridization to show that serovars andamana and patoc form one group, serovars ranarum and semaranga form another group, and serovar codice is in a group of its own.
Our results agree with those of Yasuda et al. (20) (strain CHll), but this does not explain the different relationships observed between serovars patoc and saopaulo. Yasuda et al. (20) did not include serovar saopaulo in their study, For most of the ungrouped serovars the hybridization values were well below 30% with all of the labeled DNAs used. Four serovms had intermediate values (29.4 to 53.9%); these are serovars tevere, aurisina, pulpudeva, and orvenco. Although the use of other probes may result in the recognition of more relatedness groups, it is clear that the members of the Leptospira biflexa group show considerably more genetic diversity than the potentially pathogenic organisms do (20) . This may reflect the varied environmental conditions under which free-living leptospires exist compared with the more uniform environment presented by mammalian hosts for the parasitic leptospires. Table 3 shows the DNA-related serovars of Leptospira biflexa and gives the serogroup to which each belongs. There is a lack of correlation between antigenic relatedness and genetic similarity for the serovars listed. This finding serves as a timely reminder that grouping organisms on the basis of antigenic relatedness alone does not imply any other form of relationship, whereas DNA relatedness suggests a common phylogenetic origin and therefore broad similarity among related strains. The absence of any relationship between Leptonema illini and any of the probes derived from the nonpathogenic leptospires is consistent with the recent placement of this species in a separate genus (5).
We observed during this study that Leptospira biJEexa, as defined by Johnson and Faine (10) on the basis of phenotypic characteristics and Kmety and Dikken (13) on the basis of serological criteria, is an extremely diverse group containing strains that lack sufficient DNA relatedness to be accepted as members of one species (9, 19). We examined the DNA relatedness of 38 serovars designated Leptospira biflexa by using 12 reference DNAs under nonstringent conditions and found relationships among only 15 (39.5%) of the strains examined. Strains belonging to six genetically related groups are listed in Table 3 and occur at branch tips in Fig. 1 . The average level of relatedness within these groups was 82%, and the levels of relatedness between groups were less than 20%. Little genetic relationship was detected among the remaining 60.5% of the strains. There is no correlation between these DNA relatedness groups and the serological classification of the strains (13). The phenotypic characteristics which are presently used include growth response to 8-azaguanine and 2,6-diaminopurine, growth in the presence of copper sulfate at dilutions ranging from 1/1,000 to 1/ 1,000,000, the ability to grow at incubation temperatures of 13, 30, and 37"C, and lipase activity (10). These characteristics have been proposed as differentiating features for Leptospira spp., but they are few in number and are based on the reactions of a limited number of Leptospira strains. For these reasons Yasuda et al. (20) warn against the overinterpretation of such data. Leptospira biflexa has been validly described, but in accordance with the recommendations of Wayne et al. (19) we suggest that the use of this name be restricted to members of serovar patoc (the serovar of the type strain) and those serovars shown to belong to the same genospecies; at present these serovars are serovars andamana and bessemans. Serovar thracia is excluded because its levels of homology with reference DNAs from serovars patoc and andamana are too low ( Table 2 ). The members of the remaining groups and the individual geno-On: Fri, 28 Dec 2018 08:09:09 VOL. 40, 1990 types which we were unable to place in groups can then collectively be referred to as nonpathogenic leptospires.
